OBJECTIVE -The extent to which lifestyle must be altered to improve insulin sensitivity has not been established. This study compares the effect on insulin sensitivity of current dietary and exercise recommendations with a more intensive intervention in normoglycemic insulinresistant individuals.
L
ifestyle intervention reduces the risk of progression from impaired glucose tolerance (IGT) to type 2 diabetes (1) . It is widely assumed that current advice regarding physical activity (2) and dietary modification (3) is sufficient (presumably mediated via an improvement in insulin sensitivity) to reduce the risk of type 2 diabetes. All the large intervention trials either underway or completed have focused on intervention in subjects with IGT (1, 4, 5) . However, it appears that once abnormal glucose levels have developed, significant ␤-cell dysfunction has already occurred, and there is less chance of improving insulin sensitivity (6) .
Intervention before IGT has developed may offer the best opportunity to reduce progression to IGT and type 2 diabetes. Although increased physical activity and dietary modification have been shown to improve insulin sensitivity, there are no data that clearly show the extent of lifestyle change required. This study is the first to compare two levels of practical lifestyle intervention in normoglycemic insulin-resistant individuals on insulin sensitivity, one based on current recommendations (modest) and the other on a more intensive dietary and exercise program. This will help to answer the important question as to whether more aggressive lifestyle intervention is more beneficial. In this study, participants were randomized to either a control group or one of two intervention groups.
RESEARCH DESIGN AND METHODS

Eligibility
A total of 440 volunteers responded to local advertisements. Participants were eligible to be screened if they met the following criteria: aged 25-70 years, able and willing to take part in a dietary and exercise program (7) , and no personal history of diabetes or any major medical condition, psychiatric illness, or drug or alcohol dependence. Those on warfarin or oral steroids were excluded, but those on other medications were included if they had been treated for Ͼ6 months and were unlikely to alter the medication during the intervention period. Screening involved measurement of fasting glucose, insulin, and triglycerides. Those with fasting glucose Ͻ6.1 mmol/l and poor insulin sensitivity (n ϭ 140) based on our published prediction equation (8) were eligible for a euglycemic insulin clamp. Those
were invited to enter the intervention study. This cutoff represented the lowest 25th centile of a lean population (BMI Ͻ27 kg/m 2 ). Seventynine Caucasian men and women were eligible and gave informed consent for the study, which was approved by the Otago Ethics Committee. Screening and recruitment occurred between February 1999 and August 2000. Participants were randomized to the three groups in blocks of nine (so that entry to the study could be staggered) after stratification for sex and degree of insulin sensitivity.
Dietary intervention
The modest dietary program was intended to reflect present dietary advice, and the intensive diet aimed to achieve an even lower total and saturated fat intake, lower dietary cholesterol, and a higher fiber intake. The modest program aimed to achieve a diet in which Ͻ32% of total energy was from fat, ϳ11% was from saturated fat, 14% was from monounsaturated fat, 7% was from polyunsaturated fat, 50% was from carbohydrates, and 18% was from protein. Cholesterol targets were Ͻ200 mg per day and dietary fiber Ͼ25 g per day. The intensive diet aimed for Ͻ26% of total energy from fat, Ͻ6% from saturated fat, 13% from monounsaturated fat, 7% from polyunsaturated fat, 55% from carbohydrates, and 18% from protein. Cholesterol targets were Ͻ140 mg/day and dietary fiber Ͼ35 g/day. In addition to these macronutrient goals, foods rich in nutrients believed to enhance insulin sensitivity were specified for each diet (9) ; the modest and intensive groups were required to have three or seven such foods daily, respectively. Study foods included low glycemic index foods, fish, nuts, seeds, grains, pasta, rice, fruit, vegetables, legumes, and low-fat dairy foods. The diets were individually prescribed and based on each participant's usual intake or an energy level designed to lead to gradual and sustained weight reduction. Compliance was assessed by a 4-day diet record at baseline, 2 months, and 4 months and by a daily record sheet, where type and amount of recommended foods were recorded. Diet records were analyzed using Diet Cruncher for Macintosh (Version 1.1.0; Marshall-Seeley, Dunedin, New Zealand), which used food composition data from the New Zealand Institute for Crop and Food Research (10) . No modifications were made to the database. Foods not in the database were coded so that the same substitutions were made throughout, and participants were asked to supply recipes so that individual ingredients were entered and analyzed in the appropriate quantity. Some food was supplied free of charge (cereals, low fat spread, and canola oil), and all dietary information, including lists of suitable foods, sample eating plans, foods to be avoided, cooking and preparation advice, and recipes, was provided.
Exercise intervention
At baseline, assessment of recent participation in physical activity was based on the Life in New Zealand validated questionnaire (11) . The individually designed exercise program was planned to incorporate 30 min of activity 5 days/week (at different intensities, depending on group) and took into account preferred activities. An exercise consultant exercised with each participant in an individual or group situation at least once per week to ensure that appropriate activities were chosen and that motivation and compliance were enhanced. The modest exercise intervention program was based on current health promotion recommendations for activity, which do not specify heart rate targets (2) . The intense exercise intervention program aimed to meet the 1990 American College of Sports Medicine guidelines for developing and maintaining cardiorespiratory and muscular fitness (12) . Participants were encouraged to train five times per week for at least 20 min per session at an intensity of 80 -90% of age-predicted maximum heart rate. A gym membership was provided for participants in the intensive program to encourage participation in vigorous activity and involvement in resistance training at least twice per week. Type and duration of physical activity was recorded by participants for both intervention groups on a daily sheet (collected weekly). The control group was asked to continue their usual diet and exercise during the 4-month experimental period.
Clinical visits
At the time of the euglycemic insulin clamp study, fasting blood samples were taken for lipid measurements, and anthropometry and blood pressure measurements were repeated. Participants were randomized to one of the three groups, and within 1 week, they had a dual-energy X-ray absorptiometry (DXA) scan and an exercise test. All of these measures constituted baseline data. Intervention was commenced as soon as all baseline measures were collected. Participants in the intervention groups were seen by the researchers weekly for a weight measurement and a brief dietary and exercise assessment. If participants did not attend, they were contacted by phone, their progress was discussed, and a further appointment was made. At each monthly interval, participants in the intervention groups had the following measurements: weight, waist, and hip measurements, blood pressure, a fasting blood test for glucose, an insulin and lipid profile, and a 1-mile walk test. No contact was made with the control group until the end of the 4-month period, when baseline measures were repeated on all participants.
Methodology for outcome measures
The procedure for measuring waist and hip circumference, blood pressure, fasting insulin, glucose, and lipids has been previously described (8) . Weight was measured using the same set of calibrated electronic scales, and all participants were weighed without shoes or heavy clothing. The last 50% of participants recruited had an oral glucose tolerance test (OGTT), which involved ingestion of a solution containing 75 g dextrose after a 10-h overnight fast, followed by a venous blood glucose drawing at 120 min (13) . Body composition was measured using DXA, which is a sensitive test to quantitate changes in lean and fat mass in vivo (14) and to assess regional fat distribution (15) . Total body scans were obtained on the same Lunar DPXL (Lunar, Madison, WI) scanner at baseline and at the end of the study on all participants weighing Ͻ120 kg, using patient positioning and scan speeds recommended by the manufacturer. All scans were analyzed with software package l.35 (Lunar). Coefficients of variation were 2.6% for fat mass, 2.5% for total body fat percentage, Ͻ3% for regional fat measures, and 0.88% for lean mass (15) .
Insulin sensitivity was measured using the euglycemic insulin clamp, infusing insulin (Actrapid) at 40 mU ⅐ m -2 ⅐ min -1 and maintaining the blood glucose levels as close to 4.5 mmol/l as possible Lifestyle intervention and insulin sensitivity (8) . The extent to which adipose tissue contributes to glucose disposal is controversial; therefore, we have expressed the glucose infused (G) for total body weight (Gbw) and glucose infused for fat-free mass (Gffm) calculated from the DXA (Gffm ϭ Gbw ⅐ weight -1 ⅐ lean body mass -1 ) in mg ⅐ kg -1 ⅐ min -1 . Gbw and Gffm are reported alone and divided by 
⅐ test was considered inappropriate in sedentary overweight adults; therefore, aerobic fitness was estimated using a submaximal walk test on a motorized treadmill (Quinton Series 90 Q65; Quinton Instrument, Seattle, WA) based on a modified Bruce protocol (16) . The test was terminated when the target heart rate (75% of agepredicted maximum) was reached or exercise could not be continued. Those on ␤-blocker medication were excluded. Minute ventilation (V E ), oxygen consumption (VO 2 ), and carbon dioxide production (VCO 2 ) were measured by open spirometry/indirect calorimetry (Sensormedics Metabolic Cart 2900Z BXB; Sensormedics, Anaheim, CA). The gas analyzer was calibrated before each test with standard mixtures. The average heart rate and VO 2 were calculated for the last minute of each 3-min stage. A stage was included if the subject completed Ͼ2 min. If heart rates were Ͻ100 bpm, then only stages in which heart rate increased at least 5 bpm compared with the previous stage were used in the estimated VO 2max . Heart rate was plotted against VO 2 , and the predicted VO 2max was determined by extrapolation to the estimated maximal heart rate. Exercise tests were excluded from this analysis if less than three stages had been completed or when there was incomplete gas collection.
Statistical methods
Sample size calculations were based on an estimate of the SD of the log-transformed insulin sensitivity index (Gffm/i), which was 0.25. Thus, a sample size of 25 in the three groups would give an 80% chance of detecting a 20% improvement in Gffm/i using the 5% level of significance. Regression analysis with the baseline measure as a covariate was used to compare the treatment groups with the control group. STATA statistical software Version 7.0 (Stata, College Station, Texas) was used. All major end points were assessed without knowledge of treatment groups.
RESULTS -The age and sex of the groups are included in Fig. 1 , which also shows the progress of participants through the trial, including dropouts and those not completing each outcome measure. Five subjects were smokers and continued to smoke over the 4-month intervention. Of those who had an OGTT, two had a 2-h glucose value Ն7.8 mmol/l.
Insulin sensitivity changed significantly in the intensive group only (Table  1) . This occurred in parallel with reductions in weight, waist circumference, BMI, systolic and diastolic blood pressure (Table 2) , total and truncal fat (Table 1) , increased reported dietary fiber, and increased aerobic fitness (Table 3) . Both groups reduced intakes of total energy, total fat, saturated fat, and cholesterol. Attendance to supervised exercise sessions was similar for both intervention groups (Ͼ70%), and compliance based on selfreported daily tick sheets was high, with both groups meeting the exercise targets of 5 days/week. 
Lifestyle intervention and insulin sensitivity
CONCLUSIONS -Resistance to the action of insulin is an important precursor of IGT and type 2 diabetes (17). It is widely believed that current dietary and exercise recommendations will improve insulin sensitivity to an extent great enough to reduce the risk of type 2 diabetes. However, the evidence that such relatively modest lifestyle changes will improve insulin sensitivity is limited. We have compared the effect on insulin sensitivity of a modest lifestyle change (reflecting current public health promotion messages) with a more intensive program. The intensive program resulted in an appreciable improvement in insulin sensitivity when compared with the control group (23% when infused glucose was expressed for total body weight, 16% when expressed for lean mass). Indeed, the effect of the intervention may have been underestimated because insulin sensitivity tended to improve in the control group. In contrast, the tendency toward improved insulin sensitivity in the modest group did not differ appreciably from that of the control subjects. These findings have profound implications for public health because it appears that current advice, even when vigorously implemented, did not significantly influence a major underlying abnormality of type 2 diabetes in this study. When compared with the control group, participants in both the modest and the intensive group reduced total and truncal fat and waist circumference without reducing lean mass. These changes were accompanied by statistically significant reductions in systolic and diastolic blood pressure. Fasting insulin and triglyceride levels were also lower after the intervention, but not significantly so, perhaps because levels tended to also fall in the control group. HDL cholesterol was lower in both groups after the inter- vention, perhaps due to weight loss and restriction of dietary fat. Although the change in body composition, blood pressure, and metabolic variables was more marked in the intensive than the modest group, the differences were not striking and did not achieve statistical significance. Failure to demonstrate more marked differences in these measures between the two interventions groups may be due to the fact that the two groups made fairly similar dietary changes with regard to important dietary variables other than dietary fiber, which increased to a greater extent in the intensive group. On the other hand, measures of aerobic physical fitness (VO 2max and heart rate) differed appreciably between the two intervention groups. The standard advice of exercise for 30 min at least five times weekly (with no specific advice regarding intensity) appeared to have little effect, whereas the advice given to the intensive group has appreciably influenced all measures of aerobic fitness. As this is the main aspect of the intervention program that appears to differ significantly between the two intervention groups, it seems likely that this is one of the major factors accounting for the improved insulin sensitivity observed among those in the intensive program. There is no doubt that weight loss leads to a reduction in resistance to the action of insulin (18, 19) . However, in this study, the difference in weight loss on the two programs did not achieve statistical significance. Goodpaster et al. (18) achieved a 15-kg weight loss and a 24% increase in insulin sensitivity in 32 obese men and women maintained on a very low-calorie diet (VLCD). However, such an approach is neither a practical option for widespread adoption, nor is it desirable. The VLCD was associated with a loss in lean body mass of 2.1 kg in women and 4.6 kg in men. Ross et al. (20) found either diet-or exercise-induced weight loss achieved a similar improvement in insulin sensitivity when the amount of total fat loss was also similar. Information regarding the effect of specific foods or nutrients independent of weight change is sparse. Saturated fatty acids (especially palmitic acid), reduced levels of ␣-linolenic acid, a low ratio of n-3 to n-6 fatty acids, and a high proportion of dihomo␥linolenic acid have been shown to be positively correlated with insulin resistance (21, 22 (25) , who demonstrated that obese diabetic subjects on diet only did not improve glucose infusion rates, but diet and exercise (at 75% VO 2max ) did. In this study, weight loss was the same for both groups. The Da Qing IGT and Diabetes Study found a similar reduction in those converting to diabetes on a diet only, exercise only, or combined program. They concluded that the efficacy of the diet was similar to that of exercise, and there was no additional benefit of combination therapy, despite a greater reduction in BMI (1) . The recent results of the Finnish Diabetes Prevention Study showed that after a mean follow-up of 3.2 years, a combined diet and exercise program reduced conversion from IGT to type 2 diabetes from 23% in the control group to 11% in the intervention group (4). Thus, existing data do not enable us to determine the component of our intensive exercise program that accounted for the improvement in insulin sensitivity. However, our data do suggest that an intervention program that does not include a substantial increase in physical activity in addition to modest weight loss may not produce an appreciable improvement in insulin sensitivity. Furthermore, the level of physical activity required is greater than that currently recommended for the general population.
These data have important public health implications in countries with high rates of type 2 diabetes, and they have a bearing on intervention trials involving people with IGT. In those who have already developed IGT and are prescribed modest exercise as part of their program, it appears that a substantial number will still go on to develop type 2 diabetes (1). The greatest benefit of lifestyle intervention may be seen when instituted in insulin-resistant individuals who have not yet developed IGT and who have achieved an improved level of aerobic fitness.
